Near-infrared spectroscopy is a relatively new imaging method, which can provide important information on concentrations of oxy-and deoxy-hemoglobin in cortical areas of the brain. We discuss the advantages of the integration of magnetic resonance and optical imaging techniques and present the results of our experimental study on the comparison of optical and fMRI signals obtained simultaneously on humans during functional activity and at rest. In all subjects we found a good collocation of the brain activity centers revealed by both methods. We also found a high temporal correlation between the BOLD signal (fMRI) and the deoxy-hemoglobin concentration (near-infrared spectroscopy) in the subjects who exhibited low fluctuations in superficial head tissues. The contamination of optical signals by superficial tissue layers urges applying algorithms of three-dimensional optical tomography.
INTRODUCTION
Functional magnetic resonance imaging (fMRI) is one of the most important techniques for brain function studies. It provides high spatial resolution at data acquisition rates of up to twenty images per second. The fundamental principle behind fMRI is the blood oxygenation level dependence (BOLD) of the MRI signal 1 . However, little information about the absolute changes in oxy-(O 2 Hb) and deoxy-hemoglobin (HHb) concentrations can be obtained from BOLD signal. For cortical brain areas such information can be obtained using near-infrared (NIR) spectroscopy and imaging 2, 3 . This relatively new method provides optical spectroscopic information about the concentrations of oxy-and deoxy-hemoglobin. Although the spatial resolution of NIR imaging is significantly limited by the nature of light propagation in tissue, potentially it can be developed to reach an acceptable level for practical applications at a significantly lower financial cost than fMRI.
Many measurements on humans and animals using near-infrared spectroscopy demonstrated its ability to assess brain activity [4] [5] [6] [7] [8] [9] [10] . However, there is a lack of direct comparison of near-infrared data with the ones obtained using other methods. In case of fMRI, such a comparison is important not only for validation and development of optical method, but also for better understanding the nature of fMRI signals. In this paper we discuss the advantages of the integration of magnetic resonance and optical imaging techniques and present the results of our experimental study on the comparison of near-infrared and fMRI signals obtained simultaneously on humans during functional activity and at rest.
LIMITATIONS OF FUNCTIONAL MRI AND ADVANTAGES OF NEAR-INFRARED SPECTROSCOPY
The assessment of blood oxygenation changes by fMRI is based on the blood oxygenation level dependent (BOLD) effect 1 . To obtain a steady BOLD signal, a prolonged -typically between 30 and 60 sec -functional stimulation is used. The positive polarity of the stimulus-related signal component is commonly interpreted to reflect a decrease of [HHb] because of washout by an increased influx of fresh, oxygenated blood. Nevertheless, the exact physiological mechanisms behind the BOLD signal are still unresolved. Because the BOLD signal is sensitive to the ratio of deoxyhemoglobin to surrounding intravascular and extravascular water 11 a positive BOLD signal can be caused not only by deoxyhemoglobin washout from a given voxel but also by an increase in the water fraction in that voxel. A positive BOLD contrast can theoretically occur under several conditions: (1) if there is a decrease of deoxyhemoglobin caused by an increased influx of fresh oxygenated blood (depletion); (2) if the intravascular water fraction surrounding a given amount of deoxyhemoglobin increases, by an increase in cerebral blood volume (CBV dilution); and (3) if both the intravascular amount of deoxyhemoglobin and CBV increase, but CBV increases more. The studies of functional brain hemodynamics in animals and humans by different methods show that both decrease and elevation of [HHb] in the activated area of the brain during stimulation are possible. Although the majority of studies favor the washout effect, in several studies the increase of [HHb] was observed 4, 5 . These limitations of fMRI have engendered an interest in integrating fMRI with optical methods 6, 7, 9 . The advantage of optical method is that it can provide spectroscopic information about the concentrations of both oxy-and deoxyhemoglobin in parenchymal tissue. Biological tissue is relatively transparent to light in the near-infrared band between 700 and 1000 nm (an optical window). Low-intensity near-infrared light entering tissue undergoes two major processes: absorption and scattering. Typically, an optical apparatus consists of a light source and a light detector, which receives light after it has been transmitted through the tissue. The light source is coupled to the tissue via optical fiber. Since light is highly scattered after entering tissue, another optical fiber bundle placed 2-5 cm away from the first one can collect light after it has passed through the tissue beneath the ends of the fibers (the optodes). Light that has traveled through the tissue is attenuated mainly due to absorption and scattering. This attenuation can be expressed mathematically in an empirical modified Lambert-Beer law 2 (1) where I 0 and I are the input and output light intensity respectively, µ is the medium absorption coefficient, d is the sourcedetector distance, and σ is the differential path length factor. The absorption coefficient µ can be expressed as the product of the substance extinction coefficient ε and the substance concentration c. A term σ >1 accounts for the longer effective pathlength of the light ray in the highly scattering medium than the geometric source-detector distance. A modified LambertBeer law indicates that the concentration and differential path length factor of a substance may be recovered from the light intensity measurements if, for example, the measurements are performed at several source-detector distances. O 2 Hb and HHb have characteristic absorption spectra in visible and near-infrared bands. Therefore, based on light absorption measurements, concentration changes of these molecules can be measured. Light scattering occurs at the borders of media with different indices of refraction. Therefore, events occurring in neuronal membranes and volume changes of cellular compartments can influence light scattering 10 .
Substantial progress in the field of near-infrared spectroscopy and imaging of tissues was achieved when Chance, Patterson and Wilson showed that the optical parameters of turbid medium can be obtained from time-resolved measurements of short light pulses propagating in the medium 12 . During the same period, an equivalent concept utilizing intensity-modulated light sources was proposed by the group of E.Gratton 13 . Since this frequency-domain method has better sensitivity and is much faster than the time-domain method, the proposal of Gratton et al. was followed by many others 14, 15, 16 . A measurement with intensity modulated light yields three independent quantities: intensity (DC), modulation amplitude (AC) and phase. For a highly scattering homogeneous medium from any combination of two of them one can obtain the reduced scattering and absorption coefficients.
A number of theoretical studies attempted to investigate the spatial sensitivity of NIR imaging using computer simulation of light propagation in models of the head 17, 18 . These studies showed that when the optodes are placed on the scalp surface, a NIR device can pick up changes in hemoglobin concentration on the cortical surface. The signal is limited to changes in hemodynamics occurring in the top 2-3 mm of the cortex. The area of the brain surface is approximately as wide as the optode spacing and extends laterally 1 cm either side, in a direction perpendicular to the optode position. The frequencydomain method is preferable over the continuous wave method because the spatial sensitivity of the phase is deeper than AC or DC profiles, although it is more difficult to provide a good signal-to-noise ratio in the phase than in AC and DC. However, it is commonly acknowledged that the results of these studies have limited practical implications for the reason that the optical properties of tissues in vivo are unknown. It is the advantage of simultaneous NIR and fMRI registration that the sensitivity of the light bundle to hemodynamic changes in the head can be directly assessed by comparison with the MR-BOLD signal.
CORRELATION AND COLLOCATION OF SIMULTANEOUSLY ACQUIRED OPTICAL AND MR SIGNALS
We performed our measurements on six healthy right-handed male volunteers, 18 to 37 years old. Informed consent was obtained from all subjects. Each exercise run consisted of a 30-s pre-exercise epoch, ten 20-s stimulation epochs separated by ten 20-s control epochs, and a 50-s after-exercise epoch. During stimulation epochs subjects performed light palm squeezing
with the right hand with the frequency about 1.25 Hz. A computer program generating the commands for the subject and the scanner operator provided the synchronization of the exercise sequence with the MRI and NIRS recording.
Magnetic resonance imaging was performed using a 1.5 Tesla whole body MR scanner (Signa, General Electric Medical Systems, Milwaukee, WI) equipped with echospeed gradients and a standard circularly polarized birdcage head-coil. Sagittal T1-weighted localizer scans were used to determine the correct plane for the functional scans. Gradient-echo echo-planar images were acquired using a data matrix of 64 x 64 complex points, TR=640 ms, TE = 40 ms, FOV = 240 mm, slice thickness = 7 mm, no inter-slice gap, receiver bandwidth 62.5 kHz, and tip angle 90 degrees. The slices are parallel to the plane of three radiological markers on the optical probe. The middle slice (see Fig.1(a) ) was set between the skull and the brain surface at C3 position. This slice was mostly filled with the cerebrospinal fluid (CSF), dura mater, arachnoidal tissue, pia mater, and a thin layer of the cortical tissue. Two deeper slices mostly contained the brain tissue, while two outer slices included the skull, the skin and the markers. Letters "L", "R", "A", and "P" indicate orientation and stand for "left", "right", "anterior", and "posterior" respectively.
For NIRS measurements we used a two-wavelength (758 and 830 nm) frequency-domain (110 MHz modulation frequency) Oximeter (ISS, Champaign, IL), which had sixteen laser diodes (eight per each wavelength) and two photomultiplier tube detectors. At a wavelength of 758 nm light absorption by the deoxy-hemoglobin (HHb) substantially exceeded absorption by the oxy-hemoglobin (O 2 Hb), while at 830 nm the O 2 Hb absorption prevailed over the HHb absorption. The laser diodes operated in a sequential multiplexing mode with 10 ms "on" time per each diode. Light emitted by these laser diodes was guided to the tissue through 10-meter long multi-mode silica optical fibers. Two 10-m long glass fiber bundles collected the scattered light and brought it to the detectors. The paired (758 and 830 nm wavelength) source fibers were attached to the probe at 8 positions. Together with two detectors, they provided ten bi-wavelength source-detector channels with a sourcedetector distance of 3 cm. The optical probe covered an area 9 x 6 cm 2 . The probe was centered at the measured C3 position according to the International 10-20 System. Three multi-modality radiological markers (IZI Medical Products Corp, Baltimore, MD) were embedded into the optical probe to facilitate correct orientation of the MRI slices with respect to the probe and to enable recovery of the probe orientation for data analysis. In Fig. 1(a) the sources are shown by dots numbered 1 through 8, and the detectors are indicated by squares with letters A and B.
To convert optical intensity data into hemodynamic concentration changes, we used a model of light transport in strongly scattering medium based on the modified Lambert-Beer law (see Eq. (1) 
Here ε HHb λ1,2 and ε O2Hb λ1,2 are the extinction coefficients of HHb and O 2 Hb, respectively, at wavelengths λ 1 and λ 2 .
Assuming synchronization between stimulation and hemoglobin response, we separate the functional response from background fluctuations by means of a folding average, i.e. the data corresponding to the same point on the stimulation/relaxation cycle is averaged over a number of cycles. The beginning of the time-locked period was chosen in the middle of the relaxation epoch.
The analysis of the fMRI data was performed using MEDx software (Sensor Systems, Inc). Prior to the statistical analysis, the data was subjected to the motion detection, spatial and temporal filtering, and global intensity normalization. Data with significant motion artifacts were discarded and measurements repeated. The resulting statistical images show the maps of coefficient r measuring correlation between voxel BOLD (EPI) intensity and a predictor function. As the reference function we used either the boxcar paradigm function with the "ON" and "OFF" durations equal to the stimulation and relaxation phases of the exercise, or the [HHb] signal obtained by NIRS taken with the opposite sign.
In all subjects the analysis of the BOLD signals during the motor task revealed a localised area under the optical probe where the signal was highly correlated with the paradigm boxcar function. It was an area in the primary motor cortex with the center close to the central sulcus (see Fig.1 ). White color of the highest intensity in Fig.1(b) corresponds to the correlation between the voxel BOLD signal and the paradigm boxcar function greater than 0.5. Using head landmarks for the C3 position, the center of the optical probe was placed very closely to the central sulcus so that light channels A1, A5, B1, and B5 were above the activated area (compare Figs. 1 (a) and (b) ). In all subjects the folding average analysis revealed the same type of [O 2 Hb] and [HHb] behavior for light channels situated above the major activated area as shown in Figure 2 (a). Fig. 1 (a) the arrow points at the clusters of voxels where z score for the correlation coefficient between BOLD signal and inversed [HHb] signal in channel A5 exceeded 10.0. One can see a good collocation of these clusters with the channel A5. Such a direct temporal correlation between optical and BOLD signals in cerebral and near-cerebral tissues was detected in three subjects. In other subjects no significant correlation between the intracranial BOLD signal and optically measured hemodynamic signals was detected, although the folding average [HHb] and [O 2 Hb] traces exhibited changes similar to the ones shown in Fig. 2(b) . This low temporal correlation between the intracranial BOLD and optical signals was due to strong background hemodynamic fluctuations in optical signals contributed by the superficial tissues.
Having light intensity modulated at 110 MHz, we also analyzed the phase changes presumably caused by brain activity. Figure 2(b) shows the folding average phase traces for the light signals at 758 and 830 nm, corresponding to the hemodynamic changes shown in Fig.1 . One can see that during the stimulation the phase of the 758-nm signal increases by 0.15 degree, and the phase of the 830-nm signal decreases by 0.3 degree. A similar behavior of the folding average traces of the phase in some of the channels close to the activated brain area was observed in four subjects. However, such a correspondence between phase and hemoglobin changes was not common. In many cases there was no apparent correlation between the phase and intensity behavior. We found significant temporal correlations between optically obtained hemodynamic signals and MR BOLD signals not only during the functional stimulations, but also at rest. Figure 3 shows areas of high correlation between the inversed [HHb] signal and the BOLD signal during rest. The optical signals were acquired from the left frontal area using the source-detector pair with separation of 35 mm. The areas of high correlation include not only regions immediately adjacent to the position of the optical probe, but also some remote areas. This was due to the correlation among spontaneous baseline hemodynamic fluctuations in different regions of the brain 20 .
CONCLUSION
Although fMRI is a basic technique for imaging brain hemodynamics, its limitations urge developing another independent technique for measuring cerebral oxygenation. The NIR method uses a spectroscopic approach to this problem. Compared to other functional neuroimaging methods, NIR spectroscopy lacks spatial resolution and depth penetration, limiting most current studies to the cortical gray matter. On the other hand, NIR methods have some unique properties offering advantages over other methods, such as biochemical specificity by measuring concentrations of such substances as O 2 Hb, HHb and the cytochrome oxidase redox state. Optical methods have a good temporal resolution limited only by the signal to noise ratio. The cost of even highly sophisticated NIR imaging systems can be far less than the cost of other neuroimaging devices.
Analyzing near-infrared and BOLD signals acquired simultaneously under the motor stimulation conditions, we found a good collocation between the light channels with significant task-related folding average hemodynamic changes and the functionally activated area in the motor cortex in all subjects. A direct temporal correlation between NIRS and the intracranial BOLD signals was found in some subjects. These results confirm the intracranial origin of the NIRS signals obtained under the periodical stimulation conditions.
The lack of temporal correlation between the optical and fMRI signals in three subjects was due to the contamination of the optical signal by hemodynamic fluctuations in the superficial tissue layers. A significant sensitivity to the superficial changes is a drawback of the optical method. This problem can be resolved by using an algorithm of three-dimensional reconstruction of tissue optical properties from the data measured at many positions 3 . This method can be effectively enhanced by the frequency-domain approach 13 , i.e. using the phase of photon density waves irradiated by intensity-modulated light sources.
